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ABSTRACT 

Analytical s tud ies  have been conducted t o  def ine commercially f e a s i b l e ,  advanced- 
technology c e n t r a l  power s t a t i o n s  which would el iminate  o r  s i g n i f i c a n t l y  reduce 
ut i l i ty-caused atmospheric po l lu t ion  and thermal water po l lu t ion .  
invest igated represents  a combination of (1) advanced cycle ,  gmbined  gas  And steam 
(COGAS) turbine e l e c t r i c  power generation systems based on technology spin-off from 
t h e  a i r c r a f t  gas turb ine  industry,  and ( 2 )  se lec ted  processes f o r  der iving nonpollutiag 
gaseous f u e l  from high-sulfur res idua l  f u e l  o i l .  

The b a s i c  concept 

The r e s u l t s  of these  s tud ies  c l e a r l y  ind ica te  t h a t  advanced COGAS power systems 
integrated with f u e l  g a s i f i c a t i o n  systems would be more e f f e c t i v e  than fu ture  f o s s i l  
steam systems i n  cont ro l l ing  emissions of ash, s u l f u r  oxides, and waste heat .  In 
addi t ion,  preliminary ca lcu la t ions  ind ica te  t h a t  emissions of ni t rogen oxides could 
be reduced up t o  severa l  orders  of magnitude by using low-Btu g a s i f i e d  f u e l  compared 
with emissions caused by t h e  combustion of high-Btu f u e l s .  I t  appears t h a t  advanced 
gas turbine and COGAS power systems using low-Btu f u e l s  could be f i r e d  t o  higher 
turbine i n l e t  temperature t o  improve performance and s t i l l  emit s i g n i f i c a n t l y  less 
nitrogen oxides than when operating a t  low turb ine  i n l e t  temperature with high-Btu 
f u e l s .  
cost  than could be produced by a l t e r n a t i v e  f o s s i l  steam systems with comparable a i r  
and water po l lu t ion  controls .  
f u e l s ,  advanced COGAS power systems should of fe r  a v iab le  a l t e r n a t i v e  t o  nuclear 
power systems f o r  f u t u r e  base-load power generation. 

Furthermore, prospective COGAS systems could produce e l e c t r i c i t y  at  lower 

Also, despi te  the  r e l a t i v e l y  high cost  of f o s s i l  

INTRODUCTION 

The e l e c t r i c  u t i l l t y  industry i n  t h e  United S t a t e s  i s  cur ren t ly  t h e  t a r g e t  of 
nmerous r e g u l a t o q  agencies and environmental groups whose goa l  is t h e  el iminat ion 
o r  s ign i f icant  reduction of object ionable  emissions such a s  s u l f u r  oxides ,  nitrogen 
Qxldes, p a r t i c u l a t e  mat te r ,  and waste heat .  A number of exploratory s tudies  and 
demonstration pro jec ts  a r e  being car r ied  out on methods of reducing power s t a t i o n  
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pol lu t ion .  While some s tack  gas cleaning methods show promise, t h e  only proven 
method cur ren t ly  a v a i l a b l e  f o r  t h e  reduction of s u l f u r  oxides i s  t h e  use of re la-  
t i v e l y  expensive, low-sulfur f u e l s .  Similar ly ,  t h e  only ava i lab le  methods f o r  t h e  
reduction of nitrogen oxides involve combustion modifications. 
have t h e  disadvantage of increasing t h e  cost of generating power because o f  t h e i r  
high c a p i t a l  and operat ing cos ts .  

A l l  of these  methods 

An a l t e r n a t i v e  method of  po l lu t ion  control  involves t h e  conversion and cleanup 
of d i r t y  coa l  o r  r e s i d u a l  f u e l  o i l  p r i o r  t o  combustion. Such f u e l  treatment would 
r e s u l t  i n  a s i g n i f i c a n t  increase  i n  t h e  cost of f u e l  del ivered t o  t h e  power 
generating system. I n  order  t o  o f f s e t  t h i s  increased f u e l  cos t ,  t h e  thermal e f f i -  
ciency of e l e c t r i c  power generat ion should be increased as much as possible  by 
using advanced-cycle power systems. 

Several  f e a s i b i l i t y  evaluat ion s tudies  of advanced-cycle power systems have 
been conducted by t h e  United A i r c r a f t  Research Laborator ies ,  including one f o r  t h e  
Environmental Protect ion Agency (formerly National A i r  Po l lu t ion  Control Admini- 
s t r a t i o n  o f  t h e  Department o f  Health, Education, and Welfare) reported i n  Ref. 1 and 
another f o r  t h e  Connecticut Development Commission reported i n  Ref. 2. The r e s u l t s  
OS t h e s e  s t u d i e s  i n d i c a t e  that power systems incorporat ing advanced-design gas 
turb ines  used i n  conjunction with steam turbines  and g a s i f i c a t i o n  systems producing 
low-Btu f u e l  of fe r  t h e  p o t e n t i a l  of e s s e n t i a l l y  eliminating t h e  a i r  and thermal 
water po l lu t ion  problems of e l e c t r i c  u t i l i t i e s  while simultaneously producing lower- 
cost  power than i s  pro jec ted  f o r  conventional steam systems. 
summarizing t h e  r e s u l t s  of these  s tud ies  have d e a l t  pr imari ly  with t h e  design, per- 
formance, s u l f u r  emission cont ro l ,  and cos t  c h a r a c t e r i s t i c s  of advanced-cycle power 
systems operating on g a s i f i e d  coa l  ( see  Refs. 3 and 4, f o r  example). 
b r i e f l y  summarizes these  same c h a r a c t e r i s t i c s  f o r  advanced-cycle systems operating 
on g a s i f i e d  res idua l  f u e l  o i l ,  with emphasis placed on t h e  lowered nitrogen oxide 
emission c h a r a c t e r i s t i c s  a n t i c i p a t e d  f o r  gas turb ine  systems operating on low-Btu 
gaseous fue ls .  

Previous papers 

This paper 

ADVANCED COGAS POWER STATIONS 

The generic  type of power system t h a t  shows t h e  most promise f o r  e f f e c t i v e  
p o l l u t i o n  cont ro l  c o n s i s t s  o f  a g a s i f i c a t i o n  process producing a clean,  low-heat- 
content Tuel gas f o r  use i n  a e b i n e d  Gas And steam (COGAS) t u r h i n e  p n w w  system 
Unlike some present-day COGAS systems i n  which t h e  gas turb ines  a r e  e s s e n t i a l l y  
air preheaters  for t h e  steam b o i l e r ,  advanced-cycle COGAS systems would u t i l i z e  
l a r g e  i n d u s t r i a l  g a s  t u r b i n e s  operating a t  high turb ine  i n l e t  temperature. The 
technology b a s i s  f o r  t h e s e  gas  turb ines  represents  spin-off from t h e  a i r c r a f t  gas 
t u r b i n e  industry.  These gas turb ines  would produce approximately 60% of t h e  net  
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s t a t i o n  e l e c t r i c  output, and t h e i r  exhaust gases would be  d i r e c t e d  i n t o  waste-heat 
b o i l e r s  which would generqte steam f o r  a steam turb ine  system producing t h e  remaining 
40% o r  so of t h e  net  s t a t i o n  output .  

Advanced Gas Turbine Technology 

By adapting recent and continuing advances i n  aerospace technology t o  i n d u s t r i a l  
tu rb ine  machinery design, s u b s t a n t i a l l y  improved l a r g e  capaci ty  gas turb ine  power 
systems with appreciably higher thermal e f f ic iency  could r e s u l t ,  leading t o  t h e i r  
widespread use i n  intermediate-load and base-load power generat ion appl icat ions.  
These advances i n  aerospace technology were achieved during extensive research and 
development e f f o r t s  on m i l i t a r y  and commercial a i r c r a f t  gas turb ines  and include 
improvements i n  mater ia ls  technology, b lade  cooling techniques, aerodynamic flow 
path design, high-heat-release burners ,  and modular f a b r i c a t i o n  techniques. 

I 

1 

1 

While meaningful improvements i n  aerodynamic performance a r e  pro jec ted  f o r  
fu ture  gas turb ines ,  t h e  most s i g n i f i c a n t  f u t u r e  technqlogical  advances are expect@ 
i n  t h e  a rea  of tu rb ine  i n l e t  temperature. 
t o  tu rb ine  i n l e t  tempqratures of approximately 1800 F f o r  base-load r a t i n g s ,  Par t  
of t h e  projected increase i n  turb ine  i n l e t  temperature w i l l  be achieved by t h e  u s e  
of improved turb ine  blade mater ia l s .  H i s t o r i c a l l y ,  maximum turb ine  b lade  tempera- 
t u r e s  have advanced approximately 20 F per  year  because o f  improvements i n  mater ia l s  
and coatings. Recently, however, s i g n i f i c a n t  increases  i n  turb ine  i n l e t  temperature 
approaching 70 t o  80 F per  year  have been aohieved i n  a i r c r a f t  gas turb ines  through 
s u b s t a n t i a l  improvements i n  turb ine  coqling techniques i n  combination with newer 
mater ia ls .  
ear ly  1970s w i l l  operate a t  tu rb ine  i n l e t  temperatures of  approximately 2100 F during 
c ru ise  and up t o  2400 F during takeoff .  

Current i n d u s t r i a l  gas turb ines  are l imited 

A i r c r a f t  gas turb ine  engines beginning commercial operat ion during the  

By applying t h e  same sophis t ica ted  convection-cooled blade design philosophy 
t o  i n d u s t r i a l  engines and by precooling t h e  turb ine  cooling air before  being u t i l i z e d  
i n  t h e  turbine for  cooling purposes, it should be  poss ib le  t o  begin designing 
a new 2200 F i n d u s t r i a l  engine which could be put  i n t o  commercial base-load operat ion 
i n  t h e  near fu ture .  Further  improvements i n  mater ia l s ,  oxidat ion-resis tance coat ings,  
and more advanced cooling concepts should permit base-load operat ion a t  turb ine  i n l e t  
temperatures on t h e  order  of 2600 F by t h e  e a r l y  1980's. 
a 100-Mw c l a s s  simple-cycle gas turb ine  designed f o r  2600 F t u r b i n e  i n l e t  tempera- 
t u r e  and 20: l  compressor pressure r a t i o  is  depicted i n  Fig.  1. 
i n d u s t r i a l  gas turbine i n l e t  temperatures of 3000 F o r  higher  should be  i n  commer- 
c i a l  operat ion.  

A conceptual design f o r  

By t h e  1990's 
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Waste-Heat Recovery i n  COGAS Systems 

n s impl i f ied  schematic diagran f o r  an in tegra ted  COGAS/oil g a s i f i c a t i o n  parer  
s t a t i o n  i s  i l l u s t r a t e d  i n  Fig.  2. A l l  t h e  desulfur ized f u e l  gas would be del ivered 
t o  t h e  gas t u r b i n e  burner and t h e  main heat  recovery' b o i l e r  would be  unfired.  
In t h e  shor t  term, before  t u r b i n e  i n l e t  temperatures a r e  increased appreciably, it 
may b e  des i rab le  f o r  some appl ica t ions  t o  burn addi t iona l  f u e l  i n  t h e  b o i l e r .  This 
would increase  output power and might r e s u l t  i n  lower emissions of nitrogen oxides 
per  un i t  of output  power. In  t h e  long term, however, when turb ine  i n l e t  temperatures 
exceed approximately 2200 F, unf i red  hea t  recovery systems would r e s u l t  i n  highest 
o v e r a l l  e f f i c i e n c y  and lowest o v e r a l l  cos t .  

During operation of an i n t e g r a t e d  COGAS/oil g a s i f i c a t i o n  power system, de- 
aera ted  feedwater from t h e  main heat  recovery steam cycle  would be passed t o  t h e  
f u e l  gas waste heat b o i l e r  and converted i n t o  s a t u r a t e d  steam a t  t h e  same pressure 
as t h e  high-pressure steam r a i s e d  i n  t h e  main steam cycle .  Some of t h i s  high 
pressure sa tura ted  steam could b e  used t o  preheat t h e  o i l  feed t o  t h e  g a s i f i e r  and 
some could be in jec ted  i n t o  t h e  g a s i f i e r .  "he balance would be returned t o  t h e  
main steam cycle  t o  be  superheated along with t h e  steam generated i n  t h e  main b o i l e r .  
ine l e s u i L i I i 8  super i~ca . l=L ~ L c o y I  K,:X k: : : : ~ = ~ 2 : 2  5 3  E?:=. C7c- ' . i~ec  +n A r i r r -  a n  

e l e c t r i c  generator  and t h e  boos te r  a i r  compressor. 

Previous cycle s tud ies  (Ref. 1) have demonstrated t h a t  when t h e  i n l e t  gas 
temperature t o  t h e  main b o i l e r  i s  below approximately 1200 F, s ingle-pressure steam 
systems would r e s u l t  i n  s t a c k  temperatures i n  excess of 300 F. By adding a second 
low-pressure steam cycle ,  as depicted i n  Fig.  2 ,  it is  possible  t o  e x t r a c t  addi- 
t i o n a l  heat  from t h e  s tack  gases  and drop t h e  s tack  temperature t o  300 F, thereby 
improving steam cycle e f f i c i e n c y .  

RESIDUAL FUEL OIL GASIFICATION AND CLEANUP SYSTEMS 

The a v a i l a b i l i t y  of c lean ,  desulfur ized f u e l  i s  an absolute  requirement f o r  
t h e  type of advanced gas t u r b i n e s  described i n  t h e  previous sec t ion ,  and processes 
f o r  producing such clean f u e l s  from high-sulfur coa l  and o i l  a r e  expected t o  become 
ava i lab le  concurrently with t h e  advanced power systems. 
r e s i d u a l  f u e l  o i l  t o  produce c lean ,  low-sulfur, gaseous fuel involves p a r t i a l  oxi- 
dat ion i n  a high-pressure r e a c t o r  vesse l  t o  produce a hot ,  gaseous r a w  f u e l  ( see  
Fig.  2 ) .  
b o i l e r s  , water scrubbed t o  remove carbon and soot  p a r t i c l e s ,  and then passed through 
an absorpt ion system t o  remove s u l f u r  compounds. 
af ter  scrubbing and desul fur iza t ion ,  would be approximately 13-16% H2 , 20-251 CO , 
and 55-60% N2 (by volume). 

Processing high-sulfur 

The h o t ,  raw fuel gas would be cooled I n  neat exchangers anti waste &ai 

The r e s u l t i n g  f u e l  gas composition, 

Smaller concentrations of H20, C02, CH4,  A, su l fur  
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compounds, and nitrogen compounds would be present .  
f u e l  gas would vary from approximately 120 t o  140 Btu/scf ,  depending on operating 
conditions. 
and t h e  s u l f u r  compounds would be processed t o  produce'elemental s u l f w .  

The heat ing value of t h e  clean 

The desulfur ized f u e l  gas would then be  passed t o  t h e  power system, 

P a r t i a l  Oxidation of Residual Fuel O i l  

The p a r t i a l  oxidation of liquid-hydrocarbons i s  well-developea technology with 
numerous p l a n t s  i n  operation working on a wide v a r i e t y  of feedstocks. The p a r t i a l  
oxidation process was developed f o r  t h e  production of synthesis  gas o r  hydrogen i n  
t h e  ear ly  1950's by Texaco Development Corporation i n  t h e  United S t a t e s  and Shel l  
In te rna t iona le  Petroleum Maatschaj j i j  N.V.  i n  Europe. 
made recent contr ibut ions t o  t h e  technology of noncatalyt ic  p a r t i a l  oxidat ion of 
hydrocarbons and have processes f o r  l i cense .  

Both of these  companies have 

Generally, t h e  p a r t i a l  oxidation process i s  very f l e x i b l e  i n  i t s  operat ing 
c h a r a c t e r i s t i c s .  
steam ( t o  increase t h e  hydrogen y i e l d  and t o  he lp  cont ro l  temperature) would be 
preheated and mixed before  enter ing t h e  refractory- l ined reac t ion  chamber. The 
o i l  feed would be converted i n t o  des i rab le  products (hydrogen, carbon monoxide, 
and methane), undesirable products (hydrogen s u l f i d e ,  carbonyl s u l f i d e ,  carbon 
dioxide,  and water vapor) ,  d i luents  (ni t rogen and argon), and soot (carbon) which 
would be  recycled t o  ext inct ion.  
gen would depend on t h e  a i r / o i l  r a t i o ,  s team/oi l  r a t i o ,  o i l  composition, preheat 
temperatures, and pressure.  

When used t o  produce f u e l  gas ,  feedstock ( o i l ) ,  a i r ,  and sometimes 

The r e l a t i v e  amounts of carbon monoxide and hydro- 

Sulfur  Removal and Recovery from Raw Fuel Gas 

During scrubbing and desul fur iza t ion  operat ions,  most of the  HgO, 50 t o  70% 
of t h e  COP,  and over 95% of t h e  s u l f u r  compounds would be removed from t h e  f u e l  gas 
stream. 
gas pr inc ipa l ly  as hydrogen s u l f i d e ,  H2S, w i t h  small bu t  important q u a n t i t i e s  of 
carbonyl s u l f i d e ,  COS. There i s  a wealth of technological  d a t a  ( s e e  Refs. 5 and 6) 
ava i lab le  f o r  the removal of H2S from hydrocarbon gases ,  l a r g e l y  due t o  t h e  develop- 
ment of t h e  na tura l  gas industry during the  p a s t  30 years .  

The su l fur  or ig ina l ly  present  i n  t h e  f u e l  o i l  would appear i n  t h e  raw 

Two types of chemical-solvent scrubbing systems look very a t t r a c t i v e  f o r  the 
removal of su l fur  compounds i n  power generation appl icat ions:  
carbonate and amine scrubbing systems. 
was developed by t h e  Bureau of Mines f o r  t h e  removal of C02 from coal  gas t o  up- 
grade i t s  heating value. 
removed. 
f o r  removing COP and H2S from n a t u r a l  gas. 
monoethanolamine (MEA 1, diethanolamine (DEA) , di-isopropanolamine, o r  o ther  scrubbing 
solvents .  

hot potassium 
The h o t  potassium carbonate scrubbing process 

It was discovered t h a t  H2S and COS were a l s o  e f f e c t i v e l y  
Amine scrubbing systems have been highly developed and are popular methods 

These methods are based on employing 
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The desul fur iza t ion  of f o s s i l  f u e l s  usual ly  requires  some plan f o r  the  disposi- 
t i o n  of the  s u l f u r  compounds which a r e  removed from t h e  r a w  f u e l  gas. 
ha.ve been developed t o  recover t h e  s u l f u r  i n  a form t h a t  has economic value. 
most imoortant of these  schemes, which involve 
t o  elemental s u l f u r ,  have been c l a s s i f i e d  together  as Claus systems. By proper 
design of the  scrubbing and Claus systems ( incorporat ing,  f o r  example, mul t ip le  
s tages  and improved designs) ,  it is  poss ib le  t o  achieve an o v e r a l l  s u l f u r  removal 
effect iveness  o f  85 t o  96%. 
t h e  Claus system it should be  poss ib le  t o  exceed 98% overa l l  s u l f u r  removal 
effect iveness .  

Various schemes 
The 

t h e  se lec t ion  oxidation of H2S 

By f u r t h e r  t r e a t i n g  o r  recycl ing of t h e  t a i l  gas from 

CHARACTERISTICS O F  INTEGRATED COGAS/OIL 
GASIFICATION POWER STATIONS 

Selected c h a r a c t e r i s t i c s  of in tegra ted  COGAS/oil g a s i f i c a t i o n  parer  systems 
corresponding t o  three  leve ls  of technology (present  day plus  technology projected 
4 -  hr. -.?->,"I,- rl..-.i--^ A,__ - 2 2  _In-?*.- - = - - -  . - n - *  \ 

The general  requirements and design c h a r a c t e r i s t i c s  f o r  t h e  g a s i f i c a t i o n  system, 
gas t u r b i n e s ,  and waste heat recovery steam system a r e  summarized i n  t h e  t a b l e  
along with se lec ted  performance data  f o r  t h e  in tegra ted  power s t a t i o n s .  The net  
s t a t i o n  outputs range from 159 t o  309 Mw, and t h e  estimated ne t  s t a t i o n  thermal e f f i -  
c ienc ies  range from 32% t o  40%. These net  s t a t i o n  e f f ic iency  est imates  could 
Dossibly be increased as much as 3 poin ts  by f u r t h e r  cycle optimization combined 
with t n e  use of higher temperature (1300-1500 F) f u e l  gas del ivered t o  t h e  gas 
turb ine  burner. Higher f u e l  gas temperature might be  f e a s i b l e  i n  fu ture  systems 
b:. using high-temperature desu l fur iza t ion  and cleanup o r  an improved g a s i f i e r  
heat  recovery scheme which would regenerate  clean, low-temperature f u e l  gas against  
r a w ,  high-temperature f u e l  gas .  

- - _ _ _ _ _ _ _  _ _ _  I..D _.._ ...L--A, , Lj s 7 Y W  D I a i  c p c ~ c ~ l l r r c i  III l n o i e  I. 

Also indicated i n  Table I are  estimated emission r a t e s  f o r  s u l f u r  oxides, 
ni t rogen oxides, and thermal hea t  r e j e c t i o n  t o  t h e  cooling tower c i r c u i t .  Sul fur  
w.issions would be low because of t h e  desu l fur iza t ion  process incorporated i n  t h e  
g a s i f i c a t i o n  system. 
cornbustion c h a r a c t e r i s t i c s  of low-Btu gas i f ied  f u e l  as described i n  t h e  next sect ion.  

Nitrogen oxide emissions would be l o w  because of t h e  favorable 

All conventional power genera t ing  equipment (with the  exception of simple- 
cycle  gas turb ines)  r e j e c t  h e a t  t o  cooling water. The r a t e s  of heat  re jec t ion  
A I  UI:~ russii- ana nuciear-iueied steam s t a t i o n s  a r e  approximately 4300 and 6600 
Btu/kwhr, respect ively.  COGAS s t a t i o n s  would have s i g n i f i c a n t l y  lower heat  re jec-  
t i o n  r a t e s  (as much as  30% lower than f o s s i l  and 50% lower than nuclear s t a t i o n s ) ,  
as noted i n  Table I ,  due t o  t h e i r  high thermal eff ic iency and increased heat 
r e j e c t i o n  r a t e  t o  t h e  atmosphere. 
water suppl ies  could be reduced f o r  a l l  types of parer  systems by t h e  use of cooling 

a.. . _. 

The impact of t h i s  heat re jec t ion  on cooling 
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towers. 
object ionable  fogging a t  ground l e v e l ,  and dry (nonevaporative) towers a r e  very 
expensive. 
systems would be s i g n i f i c a n t l y  l e s s  than f o r  t h e  a l t e r n a t i v e  systems because Of 

t h e  reduced heat  r e j e c t i o n  r a t e  of COGAS systems. 

Wet (evaporat ive)  cooling towers might, under c e r t a i n  circumstances, Cause 

The environmental and economic impact of using cooling towers f o r  COGAS 

NITROGEN OXIDE EMISSIONS FROM GAS TURBINE 
POWER SYSTEMS BURNING LOW-BTU FUEL GAS 

Oxides of nitrogen a r e  receiving increasing a t t e n t i o n  as a i r  p o l l u t a n t s .  
oxides NO ( n i t r i c  oxide) and NO2 (n i t rogen  dioxide) a r e  commonly lumped together  as 
NO,. 
dependin6 on t h e  act ion of sunl ight ,  oxygen, and o ther  oxidizing or reducing 
agents present .  
breathing combustion engines. 
q u a n t i t i e s  of NO;! and N$ (n i t rous  oxide) may also be  formed. 

The 

They are e a s i l y  interconverted i n  t h e  atmosphere, and t h e i r  r a t i o  changes 

Nitrogen oxides are formed i n  t h e  hot reac t ion  zones of a l l  air- 
They a r e  formed pr imari ly  as NO, although small 

Control of NOx emissions from gas turb ines  can be accomplished i n  e i t h e r  of 
two ways: (1) preventing NO formation by f u e l  pretreatment and/or by c a r e f u l  design 
and operation of the  burner ,  and ( 2 )  removal of NOx compounds a f t e r  combustion 
from t h e  exhaust gases. This paper deals  with t h e  f irst  a l t e r n a t i v e  because removal 
of NOx compounds a f t e r  t h e i r  formation i s  l i k e l y  t o  prove f a r  more d i f f i c u l t  and 
cos t ly  ( s e e  Ref. 7 ) .  

N i t r i c  Oxide Formation Mechanisms 

Two mechanisms a r e  known t o  cont r ibu te  t o  t h e  formation of n i t r i c  oxide i n  
combustion systems. 
which burn r e l a t i v e l y  clean fue ls  i s  r e f e r r e d  t o  as t h e  thermal o r  ho t  a i r  mechanism. 
I n  t h i s  mechanism, nitrogen and oxygen from t h e  atmosphere r e a c t . i n  t h e  hot 
combustion zone t o  form n i t r i c  oxide. 
t i v e l y  d i r t y  fue ls  such as coa l  and res idua l  f u e l  o i l  are burned. 
contain small but s i g n i f i c a n t  q u a n t i t i e s  of organic ni t rogen compounds. Because 
nitrogen-carbon and nitrogen-hydrogen bound energies  are so much lower than t h a t  
f o r  molecular nitrogen, much of t h e  f u e l  ni t rogen becomes oxidized during combustion. 
Experimental s tudies  (Ref. 8) of  t h e  formation of n i t r i c  oxide from f u e l  ni t rogen 
i n d i c a t e  t h a t  t h e  formation r a t e s  a r e  very rap id ,  occurring on a time s c a l e  comparable 
t o  t h a t  of t h e  hydrocarbon combustion react ions.  This mechanism i s  s t r i c t l y  f u e l  
dependent and proceeds at lower temperatures than needed f o r  t h e  thermal mechanism. 

The most important mechanism f o r  gas turbines  and other  systems 

The second mechanism i s  important when rela-  
Most d i r t y  fue ls  

I 
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Fuel. nitrogen should not  be a problem i n  systems using g a s i f i e d  f u e l s .  W i n g  
g a s i f i c a t i o n  of d i r t y  f u e l s ,  some f u e l  ni t rogen would carry over i n t o  t h e  r a w  f u e l  
gas a s  combustible ni t rogen compounds (pr imari ly  ammonia, with smaller concentrat ions 
of hydrogen cyanide, pyr id ine ,  pyr id ine  bases ,  and a c i d i c  nitrogenous compounds). 
I f  r e t a i n e d  i n  the f u e l  gas ,  these  compounds could r e s u l t  i n  excessive emissions Of 

n i t rogen oxides. For tuna te ly ,  considerable  l i terature on t h e  removal of t h e s e  
ni t rogen compounds from gaseous streams i s  ava i lab le  (Ref. 6, f o r  example). Before 
t h e  advent of synthet ic  ammonia processes ,  by-product ammonia from g a s i f i c a t i o n  
and carbonizat ion processes cons t i tu ted  t h e  most important source of f ixed  ni t rogen.  
P r a c t i c a l l y  a l l  processes i n  commercial use f o r  removal of ammonia a r e  based on 
washing t h e  gas stream e i t h e r  with water o r  a s t rong acid.  Successful attempts 
( see  Ref. 5 )  have been made t o  develop processes f o r  t h e  simultaneous removal of 
hydrogen s u l f i d e  and ammonia, recovering both compounds i n  t h e  form of ammonium 
s u l f a t e  and elemental s u l f u r .  Most other  ni t rogen compounds would be eliminated 
i n  t h e  normal course of removing ammonia from t h e  gas stream. 

The chemical k i n e t i c s  of NO formation v i a  t h e  thermal mechanism a r e  f a i r l y  
w e l l  understood (Refs. 8 and 9 ) .  Three var iab les  of orimarv imuortance i n  NO 
production a r e  loca l  temperature, residence time, and chemical species concentra- 
t i o n .  Unfortunately, it i s  extremely d i f f i c u l t  t o  relate t h e s e  primary var iab les  
t o  t h e  geometry and operat ing c h a r a c t e r i s t i c s  of p r a c t i c a l  gas turbine combustors 
due t o  l imi ta t ions  i n  a n a l y t i c a l  combustor modeling techniques. Previous inves t i -  
gat ions of NO formation k i n e t i c s  (Refs. 10 and 11) have i d e n t i f i e d  severa l  s i g n i f i -  
cant s implifying assumptions which appear t o  apply t o  gas turb ine  burners. 
most important of t h e s e  a r e  t h e  following: 
r e l a t i v e  t o  t h e  hydrocarbon combustion reac t ion  r a t e s  ; and ( b )  within t h e  uncertainty 
of known r a t e  constants and present  combustor models, it appears t h a t  the  hydro- 
carbon chemistry can be decoupled from t h e  k i n e t i c s  of  NO formation, i . e . ,  t h e  
concentrations of a l l  species  except nitrogen compounds can be assumed t o  be i n  
thermodynamic equilibrium at t h e  l o c a l  temperature and f u e l / a i r  r a t i o .  

The 
( a )  t h e  NO formation r a t e  i s  very slow 

, 

Under t h e s e  conditions, t h e  elementary reac t ions  of importance i n  NO formation 
are:  

N2 + 0 * NO + N 

N + 02 2 NO .I. 0 

(1) 

(2) 

N +'OH 2 NO + H (3) 

Reactions (1) and ( 2 )  are t h e  p r i n c i p a l  reac t ions ,  with (1) being t h e  rate cont ro l l ing  
reac t ion .  Reaction (3) i s  of minor importance i n  fuel-r ich mixtures. 

\ 
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A s impl i f ied  k i n e t i c  model based on t h e  above reac t ions  was programmed f o r  
so lu t ion  on a d i g i t a l  computer and combined with a program which ca lcu la tes  
equilibrium thermodynamic proper t ies  and species concentrations. This  model can 
be applied t o  a steady flow process where t h e  temperature-time-composition h i s t o r i e s  
of t h e  f l u i d  elements i n  t h e  flow are known. 

\ 

\ 

\ 

Before present ing NO emission estimates f o r  gas turb ine  burners ,  it i s  ins t ruc-  
t i v e  t o  consider ideal ized f l u i d  elements i n  t h e  flow as combustion products of 
uniform temperature, pressure,  and composition (with t h e  exception of ni t rogen 
compounds) and t o  inves t iga te  t h e  increase i n  NO concentration with t i m e  f o r  condi- 
t i o n s  which a r e  considered t o  be t y p i c a l  of gas turb ine  burners. 
r e s u l t s  a r e  presented i n  Figs .  3 and 4. 
estimates f o r  a number of d i f f e r e n t  types of f u e l s ,  including a range of low-Btu 
f u e l s ,  a l l  supplied a t  room temperature. Figure 4 depicts  similar r e s u l t s  f o r  a ~ 

s i n g l e  low-Btu f u e l  supplied a t  a range of temperatures. The flame temperatures 
denoted i n  these  f igures  represent  t h e  l o c a l  temperature i n  t h e  primary combustion 
zone of a gas turbine burner and should not be  confused with t h e  t u r b i n e  i n l e t  
temperature which would be much lower. 
temperature and f u e l  heat ing value i s  evident from these  f igures .  

Typical  computer 
Figure 3 depic ts  NO concentrat ion vs t i m e  

The s t rong dependence of  NO formation on 

N i t r i c  Oxide f i i s s i o n s  from Gas Turbine Burners 

The l o c a l  temperature, residence time, and species  concentrations which govern 
NO production a r e  control led by engine operating condi t ions,  t h e  combustor i n t e r n a l  
flow f i e l d ,  f u e l  nozzle c h a r a c t e r i s t i c s ,  and t h e  a i r  addi t ion schedule t o  t h e  burner 
can. Lack of an adequate a n a l y t i c a l  descr ipt ion of t h e  combustor flow f i e l d  and 
t h e  f u e l / a i r  mixing c h a r a c t e r i s t i c s  has prevented accurate  es t imat ion of  t h e  tempera- 
ture-time-concentration h is tory  which i s  e s s e n t i a l  f o r  r e l i a b l e  es t imat ion of NO 
formation. A t  the  present  time, severa l  engineering and research establishments, 
including severa l  groups within United Aircraf t  Corporation, a r e  attempting t o  
develop comprehensive gas turbine combustor models. The r e s u l t s  of t h i s  modeling 
work have been very encouraging and are  leading t o  a b e t t e r  understanding of NO 
emissions. 

A r e l a t i v e l y  simple three-zone burner model developed by t h e  Combustion Group 
a t  P r a t t  & Whitney Aircraf t  (Ref. 11) was modified t o  permit considerat ion of low- 
Btu f u e l  combustion. 
presented i n  Fig.  5. The predicted NO concentrations i n  t h e  burner exhaust a r e  
p l o t t e d  against  t h e  maximum combustion o r  flame temperature i n  t h e  primary zone. 
These calculat ions were based on a t y p i c a l  burner air and f u e l  flow d i s t r i b u t i o n  
f o r  a representa t ive  i n d u s t r i a l  gas turbine.  
f o r  CH4 and JP-5 shown by t h e  individual  po in ts  i n  Fig.  5 agree reascnably wel l  
with measured data .  For low-Btu f u e l s  with combustion temperatures i n  t h e  3600 
t o  4200 F range NO emissions below 10  ppm, and perhaps approaching 1 ppm, appear t o  
be f e a s i b l e .  

Results of preliminary NO ca lcu la t ions  using t h i s  model are 

The s p e c i f i c  NO emission predict ions 

I 

4' 
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The NO emission estimates presented i n  Fig. 5, although preliminary, a r e  very 
encouraging and suggest t h a t  t h e  use of low-Btu f u e l s  would provide a very effec- 
t i v e  method of NO c o n t r o l  f o r  gas turb ines .  Furthermore, it seems evident t h a t  gas 
turb ines  using low-Btu f u e l s  could be  f i r e d  t o  high turb ine  i n l e t  temperature and 
s t i l l  emi t  s i g n i f i c a n t l y  l e s s  NO than low-temperature gas turbines  using high-Btu 
f u e l s .  It should a l s o  be noted t h a t  these  est imates  have not taken i n t o  account 
a d d i t i o n a l  NO control  techniques such as  steam or  water i n j e c t i o n  and off-  
s toichiometr ic  combustion. U t i l i z a t i o n  of these techniques, together  with low-Btu 
f u e l s ,  might permit even f u r t h e r  reduction of NO emissions. 

ECONOMICS OF FUTURE POWER GENERATION 

H i s t o r i c a l l y ,  t h e  e l e c t r i c  u t i l i t y  industry successful ly  reduced t h e  cost  of 
generat ing power by u t i l i z i n g  t h e  l a t e s t  ava i lab le  technology and taking advantage 
of  economics associated with large-scale  gener-f!.?? f o c i l i t i c ; .  a 

decreasing cos ts  of e l e c t r i c i t y  has ended, and we a r e  now on t h e  threshold of a new 
e r a  with r i s i n g  costs .  This unfortunate s i t u a t i o n  is  a d i r e c t  r e s u l t  of rapidly 
r i s i n g  construct ion and f u e l  c o s t s ,  combined with public demands f o r  e f f e c t i v e  
cont ro l  of atmospheric and thermal  water po l lu t ion .  Rising cos ts  plague 
methods of power generat ion,  both f o s s i l  and nuclear .  A t  t h e  present  time, nuclear 
s t a t i o n s  a re  more economical than f o s s i l  s t a t i o n s  i n  many p a r t s  of t h e  country. 
But t h i s  s i t u a t i o n  may change as  advanced COGAS power s t a t i o n s ,  incorporating high- 
temperature gas turbines  with f u e l  g a s i f i c a t i o n  and desulfur izat ion systems, become 
a commercial r e a l i t y .  

The busbar cost  of power i s  t h e  annual owning and operating expense divided 
by t h e  annual kwhr generated. The annual owning cos ts  include t h e  c a p i t a l  charges 
due t o  depreciat ion,  i n t e r e s t ,  t axes ,  and insurance; and t h e  operating costs  
include maintenance, suppl ies ,  and f u e l .  The estimated c a p i t a l  costs  f o r  in tegra ted  
COGAS/oil gas i f ica t ion  power s t a t i o n s  a r e  summarized i n  Table I1 f o r  th ree  leve ls  
of  gas turb ine  technology. A l l  cos t s  a r e  presented i n  terms of estimated mid-1970's 
d o l l a r  value. 
ding on technology. 

The t o t a l  i n s t a l l e d  c a p i t a l  c o s t s  range from $211/kw t o  $303/kw, depen- 

Annual owning and opera t ing  cos t  estimates a r e  a l s o  swnnarized i n  Table 11. 
Maintenance cost-  fnr  +he fue l  ~ r c c c s s ~ z g  sY&& a r e  base6 upon guidel ines  
appl icable  t o  t h e  chemical process industry,  and corresponding cos ts  f o r  t h e  power 
equipment a r e  based on a c t u a l  experience and project ions.  Fuel cos ts  a r e  taken t o  
be  53.44/10 The r e s u l t i n g  busbar power 
cos t  estimates range from 11.1 t o  15.5 mills/kwhr depending on technology. 

6 Btu fo r  high-sulfur o i l  i n  t h e  Northeast. 
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The power cos t  es t imates  presented i n  Table I1 a r e  high by today 's  s tandards,  
but cos t  es t imates  f o r  a l t e r n a t i v e  methods of power generation with corresponding 
pol lu t ion  cont ro l  measures could be a s  high or higher ,  as  depicted i n  Fig. 6.  The 
1975 EPA and 1973 Connecticut standards could be met by using low-sulfur o i l  or by 
adding s tack gas cleanup, but  doing so would increase t h e  c o s t  of generat ing power 
by 1 5  t o  25% r e l a t i v e  t o  a conventional steam s t a t i o n  burning high-sulfur (2 .615)  
o i l .  
would s a t i s f y  t h e  most s t r ingent  emission regula t ions  i n  l a r g e  c i t i e s ,  but doing 
so would increase t h e  cost  of generating e l e c t r i c i t y  by 30 t o  401 ( r e l a t i v e  t o  s t a t i o n s  
burning high-sulfur o i l ) .  A s  technology advances t o  permit higher tu rb ine  i n l e t  
temperatures and l e s s  c o s t l y  g a s i f i e r s ,  COGAS systems w i l l  be capable of producing 
lower-cost c lean power than a l t e r n a t i v e  f o s s i l  steam systems. 
t h a t  COGAS s t a t i o n s  based on fu ture  gas turb ine  technology could a l s o  compete w i t h  
fu ture  nuclear power generation,despite t h e  r e l a t i v e l y  high cos t  of  f o s s i l  f u e l s .  

The use of gas i f ied  o i l  i n  steam or  COGAS systems using present-day technology 

Furthermore, it appears 

CONCLUSION 

Advanced COGAS e l e c t r i c  power s t a t i o n s  consis t ing of gas and steam turbines  
in tegra ted  w i t h  res idua l  f u e l  o i l  g a s i f i c a t i o n  systems should o f f e r  a v iab le  
a l t e r n a t i v e  f o r  fu ture  base-load generat ion appl icat ions.  
improve t h e  environment by e s s e n t i a l l y  e l iminat ing t h e  a i r  and thermal water 
po l lu t ion  problems caused by t h e  generation of base-load power, and do so a t  compe- 
t i t i v e  cos ts .  

These s t d t i o n s  could 

Although there  a re  no bas ic  technological  problems which have t o  be solved 
before  COGAS power s t a t i o n s  could be b u i l t  using present-day technology, advanced 
design and development programs should be energe t ica l ly  pursued t o  secure t h e  bene- 
f i t s  i n  performance and economy obtainable  by advanced technology. Gas turb ine  
technology is expected t o  increase during f u t u r e  years u n t i l  tu rb ine  i n l e t  tempera- 
t u r e s  i n  excess of 3000 F a r e  achieved. COGAS s t a t i o n s  designed w i t h  these  ad- 
vanced gas turb:nes, improved heat  recovery steam cycles ,  and improved g a s i f i c a t i o n  
systems would be very a t t r a c t i v e .  
s t a t i o n s  would f u r t h e r  improve t h e  economic p o t e n t i a l  of t h e s e  s t a t i o n s .  

The eventual use of g a s i f i e d  coal  i n  COGAS 
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TABLE I 

SELECTED CliMAcTWI8TICS OF 1m-m 
COCASlOIL GASI?ICATION P O m  STATIONS 

1 

L 

I 

, 

J 

Level Df Tech!loloeY 
Earlv 1970s -Mid 1970s Early 198Oa 

Fuel Processina Syetcm 

Number of Gwiliers 
Residual Fuel Oil F1W. l b l h r  
Clean Fuel Gas Outpvt. l b l h r  
Clean Fuel Gas Temperature. F 
Fuel Proceai Hot G B ~  Efficiency. I 

Gas Turblnea 

Number of Gas Turbines 
Nominal Output per Gas Turbine. Mv 
Compressor Pressure Ratio 
Turbine I n l e t  Tempernture. F 
Cas Tubine Thermal Efficiency. % (Hw) 

Waste Heat Recovem Steam System 

Number of Steam Turbine Generators 
Grogs Steam Syitem Output. Mv 
Throt t le  S t e m  Tapera ture .  F 

Net S t e m  System Erfieicncy. I 
?hrott1e s t e m  Prcsaure. psi. 

I n t e v a t e d  S ta t ion  

Net S ta t ion  Output. hk 
Net S ta t ion  Efficienw. S (Hxv o i l )  
Sulfur Oxide m i s s i o n i .  l b  SO2/1O$tu 
Nitrogen Oxide Emiseions. l b  nO2/lO%tu O.OOLO.1 
Heat ReJcction. Btulkwhr 4500 

2 
93.600 

620.000 
95 
70 

4 
23 
13 

1800 
30 

1 
80 

100 
865 
27 

159 
32 

0.1-0.2 

2 
118,000 
781.000 

520 
I 4  

2 
66 
16 

2200 
32 

1 
110 
870 

1250 
29 

228 
36 

0.1-0.2 
0.01-0.1 

3700 

2 

95L,OOO 
550 
76 

1LL.000 

2 
94 
20 

2600 
37 

1 
136 
9m 
1500 
30 

309 
LO 

0.1-0.2 
0.01-0.2 

3100 

TABLE I1 

COST S W Y  FOR 1NTFGRATED COCAS/OIL GASIPICATION WYER STATIONS 

h e e d  on Estimated Mid-1910s Dollar Value 

Level of TechnolneY 
Earlv 1970s Hid 1970a Early 1980s 

capi ta1  C O B t l ,  10% 
~ u e l  Processing system (96% S removal) 1L.6 
Cas Turbines 8.4 
Stew. system lk .5  
Miacellancous Equipment 7.5 
In te res t  During c o n e t r u c t p n  ( R / y r )  d+ Tota l  Capi ta l  Coot. 10  t 

spec i f ic  cos t ,  $/W 303 

W i n g  and Operating Coeti. millslkvhr 
Capital  Charges (1711yr and 70% 

Maintenance. Labor llnd Supplies 
load f a c t o r )  8.5 

Fuel Processing System 0.3 
0.8 
0.2 

Gas Turbines 
s t e m  system 

x 
Buabar Pover Cost. millr/kvhr 15.5 

Residual Fuel Oil (53.4 $/lo6 Btu) 

15.9 16.8 
9.5 12.0 

18.2 22.1 
9.0 9.9 

$ 1  

7.0 5.9 

0.2 0.2 
0.3 0.3 
0.2 0.2 
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FIG. 1. C W C E P T W L  OESlON OF Iw-YW CUSS BASE-LOAD GAS TURBINE 
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FIG. 2 .  SCHEMATIC DlAGRW OF INTEGRATED COGAS/OlL GASlFlCATlON POlER STATION 
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FIG. 3. NITRIC OXlOE FORMATION BY VARIOUS FUELS 
PREVAPORIZED. PRI* IKCD. RVDROCAR0OY - AlR EQUtLIDRIUY 

EQUIV4LEYCE R A T I O -  1.0 
PRElSURE -14 ATY 

AIR TEYPERATURE - 1115 R I771 P I  
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FIG. 4. EFFECT OF GASIFIED FUEL TEMPERATURE ON NITRIC OXIOE FORMATION 
PREMIXED. I IVDROEAR0OY - A I R  EQUlLlBWJY 
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